Applicability of the approximate kinetic energy functionals to study hydrogen-bonded systems by means of the formalism of Kohn-Sham equations with constrained electron density ͑KSCED͒ ͓Cortona, Phys. Rev. B 44, 8454 ͑1991͒; Wesołowski and Warshel, J. Phys. Chem. 97, 8050 ͑1993͒; Wesołowski and Weber, Chem. Phys. Lett. 248, 71 ͑1996͔͒ is analyzed. In the KSCED formalism, the ground-state energy of a molecular complex is obtained using a ''divide-and-conquer'' strategy, which is applied to the Kohn-Sham-like equations to obtain the electron density of a fragment embedded in a larger system. The approximate kinetic energy functional enters into the KSCED formalism in two ways. First, the effective potential in which the electrons of each fragment move contains a component which is expressed by means of a functional derivative of an approximate kinetic energy functional ͑functional derivative of the non-additive kinetic energy͒. Second, the KSCED energy functional contains a component ͑non-additive kinetic energy͒ which is expressed using the approximate kinetic energy functional. In this work, the KSCED energies and densities of ( 
I. INTRODUCTION
To date, the most successful applications of density functional theory to studies of molecular systems are based on the theory elaborated by Kohn and Sham ͑KS͒.
1 According to it, the ground-state electron density of a N-electron system in a given external potential V(r) is obtained by minimizing the functional of the total energy, expressed as: where the energy minimum is searched among trial densities taking the form (r)ϭ͚ i n i ͉ i (r)͉ 2 . The electron density minimizing the total energy functional is obtained using a self-consistent procedure involving a set of one-electron equations for i : ͫ Ϫ 
͑3͒
Since the ''first-principle'' analytical form of the exchangecorrelation functional E xc ͓͔ is not known, the electron density obtained using the Kohn-Sham formalism ͑Equations 1-3͒ must rely on approximations. Several approximate exchange-correlation functionals developed using different strategies can be found in the literature ͑for a review, see Ref.
2͒. Equation 1 may be seen as a scheme to partition the functional of the total energy in which the dominant components of E͓͔ ͑energy of Coulomb repulsion, energy of the interactions with external potential, and kinetic energy of reference system noninteracting electrons͒ are expressed using exact analytical formulas. The remaining part ͑E xc ͓͔), the analytic form of which is not known, is only a fraction of the total energy. Owning to this partitioning, the KS formalism has been successfully used to predict properties of chemical systems despite the lack of the knowledge of the exact analytical form of E xc ͓͔. A number of gradientdependent exchange-correlation functionals developed in the last decade approximate the exact functional sufficiently well for the KS calculations to enter the domain of modeling the chemical systems ͑for a review, see Ref. 3͒ . To find the electron density that minimizes the total energy functional, alternative routes to the one initiated by Kohn and Sham can be formulated. The most straightforward application of the Hohenberg-Kohn theorem 4 would be the direct minimization of the approximate functional of the total energy without using one-electron orbitals to construct trial densities. Compared to the Kohn-Sham formalism, additional approximations have to be made because the analytical form of the kinetic energy functional is not known. An approximate kinetic energy functional which yields a sufficiently accurate functional derivative to be applied for the minimization of the energy of chemical systems is yet to be discovered ͑see Ref. 5 
for instance͒.
Recently, an intermediate route which uses both the approximate exchange-correlation functional and the approximate kinetic energy functional was introduced for studying solids 6 and molecular interactions. 7 The method, which we have referred to as Kohn-Sham equations with constrained electron density ͑KSCED͒, shall be outlined below ͑Equa-tions 4-7͒. The kinetic energy of a system formally divided into subsystems is expressed as:
where T s ͓͔ denotes the kinetic energy in a reference system of non-interacting electrons with density . Equation 4 defines the non-additive kinetic energy (T s nadd ͓ 1 , 2 ͔). Using the Equation 4 partitioning of the kinetic energy, the Kohn-Sham total energy functional can be written as:
where the Kohn-Sham definition of E xc ͓͔ is retained and the explicit analytical form of the external potential is given
partitioning of the total energy functional makes it possible to find the ground-state electron density of the whole system using a constrained minimization scheme in which the energy is minimized in respect to variations of electron density associated with a selected fragment ( 1 ). Minimizing the total energy functional in respect to the variations of the density 1 , formally represented as 1 ϭ ͚ i N 1 n (1)i ͉ (1)i ͉ 2 , leads to the following Kohn-Sham-like one electron equations for
(1)i :
where the KSCED effective potential equals to:
.
͑7͒
Since the electron density 2 (r) enters as a given function into Equations 6-7, its orbital representation is not needed to minimize the total energy with respect to variations of 1 (r). Practical implementations of the KSCED formalism ͑Equations 4-7͒ involve the following specific issues:
͑1͒
The choice for 2 (r): In a general case, neither 2 (r) nor 1 (r) are known and the KSCED electron density can be obtained using the ''freeze-and-thaw'' cycle of the KSCED equations in which the electron density of each fragment enters alternatively as 2 (r) or as 1 (r) into Equations 6-7 until the ( 1 (r), 2 (r)) self-consistency is reached. 8 In such a case, the one-electron orbital representations of the 1 and the 2 densities are available
,2) and the approximate kinetic energy functional is only needed to express T s nadd ͓ 1 , 2 ͔ which is a small fraction of the total kinetic energy. The electron densities of subsystems may be subjected to approximations such as the one used in our coupled ab initio/molecular dynamics simulations 9, 10 where the density of selected subsystems was frozen at an initial shape which corresponded to the electron density of the isolated subsystem ͑Frozen Density Functional Theory, FDFT͒. ͑2͒ The choice of the basis set functions to expand 1 (r) and 2 (r): To represent the supermolecule KS electron density of the whole system obtained using a given set of basis set functions, the same set of functions is needed to expand KSCED electron densities 1 (r) and 2 (r). Hereafter, such a calculation shall be referred to as KSCED͑s͒ where s indicates that all basis set functions used in the supermolecule KS calculations are used to expand the electron density of fragments. The KSCED calculations in which the electron density of a fragment is expanded using only a subset of the whole set of basis set functions consisting of the functions that are centered on atoms belonging to the considered fragment shall be referred to as KSCED͑m͒. Compared to the KSCED͑s͒ variant, the KSCED͑m͒ one introduces an additional approximation: In the expansion of the electron density using atom centered basis functions, the i 1 (r)* j 2 (r) terms are neglected. It can be expected, therefore, that the KSCED͑m͒ is of limited applicability to study complexes involving chemical bonds if standard atomic basis sets are used. Owning to the reduction of the KohnSham-Fock matrix, the KSCED͑m͒ calculations repre-sent a computationally effective implementation of the KSCED formalism realizing the ''divide-and-conquer'' strategy.
͑3͒
The accuracy of the approximations for ␦T s nadd ͓ 1 , 2 ͔/␦ 1 and T s nadd ͓ 1 , 2 ͔: The exact kinetic energy functional applied in the ''freeze-and-thaw'' cycle of the KSCED͑s͒ equations should lead to the KSCED electron density which equals to the supermolecule KS one. Provided the same approximate exchange-correlation functional and the same basis set functions to expand electron density are used, any difference between the electron density obtained from supermolecule KohnSham calculations ( KS (r)) and the density obtained by means of the ''freeze-and-thaw'' cycle of the KSCED͑s͒ equations ( KSCED (r)ϭ 1 (r)ϩ 2 (r)) can be attributed to the accuracy of the used approximate kinetic energy functional. In the case of the ''freeze-and-thaw'' cycle the KSCED͑m͒ equations, the difference may arise due to the insufficient accuracy of the approximate kinetic energy functional and also due to the absence of the i 1 (r)* j 2 (r) terms. It can be expected, therefore, that the KSCED͑m͒ results are less sensitive than the KSCED͑s͒ ones on the accuracy of the approximate kinetic energy functional owning to the smaller number of basis functions used to construct trial densities.
11
To study molecular complexes by means of the KSCED equations, the total electron density can be partitioned in such a way that the fragments correspond to the molecules forming the complex. The advantage of such a division is that the overlap between fragments' densities decreases with the increasing intermolecular distance, and so is the relative contribution of the non-additive kinetic energy to the total energy. Consequently, the importance of the difference between the approximate kinetic energy functional used in the KSCED equations and the exact one decreases with the intermolecular distance. At small intermolecular separations, although the overlap between the fragments' densities is large, the dominant part of T s nadd ͓ 1 , 2 ͔ can be derived from Thomas-Fermi theory (T   TF   ) . 12 The comparisons between the supermolecule Kohn-Sham and the KSCED electron densities offers therefore a sensitive test of the gradientdependent term in an approximate kinetic energy functional.
In our recent paper, it was shown that the KS energies were accurately reproduced by the calculations using the ''freeze-and-thaw'' cycle of the KSCED equations and the gradient-dependent kinetic energy functionals for the linear HCN•••HF complex at intermediate and large intermolecular distances. Considered were approximate kinetic energy functionals of the following general form:
where F(s) denotes the enhancement factor, which is a function of scaled density gradient (sϭ ٌ͉͉/2k F where k F is the Fermi vector͒. The analytic form of F(s) determines the gradient-dependency of the approximate kinetic functional.
The best agreement between the KS and the KSCED results was obtained using the analytical form of F(s) proposed by Perdew and Wang for the exchange energy:
͑9͒
where gϭ2
1/3 and , , and are constants. Although the KSCED interaction potential obtained using the T TF functional was attractive, the magnitude of the interaction was significantly underestimated. The gradient-dependent terms in the kinetic energy functional were needed to reduce repulsive contribution of non-additive kinetic energy to the total energy functional, which was overestimated by the Thomas-Fermi theory.
The present work examines furthermore the applicability in the KSCED calculations of the kinetic energy functionals given by Equation 8 
II. COMPUTATIONAL DETAILS
The ''freeze-and-thaw'' cycle was performed using our implementation of the KSCED equations into the deMon program developed by Salahub and collaborators. 14 Throughout the text, the KSCED/XXX notation is used in which XXX stands for one of the following approximate kinetic energy functionals used to derive T s nadd :
16 ͒, and T
PW91
͑Perdew-Wang, 1991 13 ͒. The analytical form of each kinetic energy functional together with its functional derivative has been given elsewhere. 17 The Kohn-Sham orbitals were expanded using the Gaussian atomic basis sets with the following contraction patterns: ͑73111/6111/1*͒ for chlorine, 18 ͑5211/411/1͒ for carbon, 19 , nitrogen, 20 and oxygen, 21 ͑6311/311/1͒ for fluorine; 21 and ͑41/1͒ for hydrogen. 19 The associated auxiliary functions were used for fitting the electron density and the exchange-correlation potential ͑͑5,4;5,4͒ for chlorine, 18 ͑5,2;5,2͒ for carbon, 19 nitrogen, 20 oxygen, 20 and fluorine; 21 and ͑5,1;5,1͒ for hydrogen 19 ͒. The calculations were made using the fine random grid ͑options FINE and RANDOM in the deMon program͒, and 128 radial grid points.
The approximate exchange-correlation functional ͑B88/ P86͒ was used KS and in the KSCED calculations. Its exchange part ͑B88͒ was proposed by Becke 22 and the correlation part ͑P86͒ by Perdew. 23 The B88/P86 functional has been extensively applied to study chemical molecules and their complexes. The properties of hydrogen-bonded systems derived from the Kohn-Sham calculations using the B88/ P86 functional are known to agree reasonably well with the experimental results, although in individual cases, other approximate exchange-correlation functionals lead to better results. 24 To analyze the differences between the results of the supermolecule KS and the KSCED calculations, the choice of the approximate exchange-correlation functional is of secondary importance, provided the same functional is used in the KS and the KSCED calculations.
In the KSCED calculations, the partitioning of the electron density corresponds to the molecules forming the complex. The number of electrons of each fragment was the same as if the fragment was isolated. The KS and the KSCED orbitals were expanded using the same Gaussian atomic basis sets. The KSCED͑m͒ and KSCED͑s͒ variants of the electron density expansions were applied.
III. RESULTS AND DISCUSSION

A. The KSCED results at the KS energy minima
For each complex, the comparisons between the KSCED and the KS results ͑energy and electron density͒ are made at the geometry corresponding to the the supermolecule KS energy minimum ͑see Fig. 1 and Table I͒ . [25] [26] [27] [28] [29] The KSCED electron density ( KSCED ϭ 1 ϩ 2 ) is obtained by means of the ''freeze-and-thaw'' cycle of the KSCED equations using one of the following implementations of the KSCED formalism: KSCED͑m͒/TF, KSCED͑s͒/TF, KSCED͑m͒/LLP, KSCED͑s͒/LLP, KSCED͑m͒/PW86, KSCED͑s͒/PW86, KSCED͑m͒/PW91, and KSCED͑s͒/PW91.
Tables II-V collect the supermolecule KS and the KSCED energies ͑Equation 4͒ of the investigated hydrogenbonded complexes. The basis set superposition error ͑BSSE͒ of the interaction energies derived from the supermolecule Kohn-Sham calculations is estimated using the counterpoise method by Boys and Bernardi. 36 It can be seen, from Tables II-5, that all 2 , respectively. These numerical values indicate that the non-additive kinetic energy functional derived from Thomas-Fermi theory does not provide a sufficiently accurate approximation of the exact one to be applied to study hydrogen-bonded systems. All gradientdepended approximate kinetic energy functionals lead to the significantly better KSCED energies. In particular, the T PW91 functional leads to the best agreement between the KSCED and the KS energies confirming our conclusion based on our previous studies of the linear HCN•••HF complex. 17 The difference between the KSCED͑s͒/PW91 and the KS energies amounts to Ϫ0.32, ϩ0.24, ϩ0.17, and TABLE I. Equilibrium geometry of considered complexes obtained using the supermolecule KS calculations with the B88/P86 exchange-correlation functional. The experimental results are given in parentheses. See Figure 1 for the notation of atoms. Distances are given in Å and angles in degrees. , i.e. the ones giving the worst and the best energies at the equilibrium geometry. In a contrary to the KSCED energies, which were significantly improved upon the introduction of the gradientdependent terms in the kinetic energy functional, the KSCED dipole moments do not depend significantly on the analytic form of the approximate kinetic energy functional ͑see Table VI͒. The dipole moments depend more on the number of atomic orbitals used for the expansion of the electron density of each fragment. The KSCED͑s͒ dipole moments agree better than the KSCED͑m͒ ones with the dipole moments derived from supermolecule KS calculations. The increments of the dipole moment (⌬ϭ AB Ϫ A Ϫ B , where ϭ͉͉ϭ͉͐(r)rdr͉) derived from the supermolecule KS calculations are reproduced in 70%-80% by the ''freezeand-thaw'' cycle of the KSCED equations.
For all studied complexes and at all considered implementations of the KSCED formalism the ''freeze-and-thaw'' cycle of the KSCED equations converge rapidly. In all cases, the convergence of the KSCED energies at the level of 10 Ϫ6 atomic units was reached in less than seven iterations of the ''freeze-and-thaw'' cycle. Table VII illustrates the convergence of the KSCED energy in the KSCED/PW91 calculations. Although the total KSCED energy converges rather rapidly, the first iteration did not provide the accurate estimate of the convergent KSCED energy in any complex investigated. Therefore, the continuation of the ''freeze-and- thaw'' cycle beyond the first iteration is required for the studied hydrogen-bonded complexes.
B. KSCED and KS energies at several intermolecular separations
In our previous study of the linear HCN•••HF complex, 17 it was shown that the potential energy curve derived from the ''freeze-and-thaw'' cycle of the KSCED equations agreed reasonably with the one obtained from the supermolecule Kohn-Sham calculations, provided an ap- proximate kinetic energy functional used to approximate T s nadd included gradient-dependent terms. Depending on the approximate kinetic energy functional, the KSCED equilibrium intermolecular distances agreed within 0.04 Å with the equilibrium distance derived from the supermolecule KS calculations, whereas the interaction energies at equilibrium separation were within 1.5 kcal/mol. This difference amounts to 20% of the interaction energy. For larger intermolecular distances, the KSCED potential energy curves converged to the potential energy curve derived from the supermolecule KS calculations. The best agreement between the KS and the KSCED equilibrium geometry parameters was obtained using the T PW91 kinetic energy functional to approximate T s nadd ͓ 1 , 2 ͔. The KSCED/PW91 and the KS energies differed less than 0.3 kcal/mol, which amounts to about 3% of the interaction energy.
This section presents the results of a similar analysis for the (H 2 O) 2 , (HF) 2 , (HCl) 2 complexes ͑see Table IX and Fig. 2͒ . Each potential energy curve shows the dependence of the energy of the complex on the intermolecular distance between the rigid molecules forming the complex. The energies are given relative to the energy of monomers at infinite separation ͑which are the same in the KS and in the KSCED formalisms͒. The orientation of the monomers is similar to the one at the equilibrium geometry whereas their structures are taken from the experiment. Table VIII collects the geometry characteristics of the considered complexes. At each geometry, the electron density is obtained using the supermolecule KS calculations and the ''freeze-and-thaw'' cycle of the KSCED equations. Figures 2͑a͒-2͑c͒ show the potential energy curves obtained using the supermolecule KohnSham calculations and the ''freeze-and-thaw'' cycle of the KSCED equations. The basis set corrected KS energies are calculated following the procedure of Boys and Bernardi. 36 The KSCED energies of the water dimer differ from the KS ones depending on the kinetic energy functional. The T LLP and T PW91 functionals lead to the KSCED energies that are significantly closer to the KS energies than the T TF does. T LLP leads to slightly lower interaction energies and shorter intermolecular distances at the energy minimum. The difference between the KSCED͑s͒/PW91 and the KS energies of a water dimer amounts to about 0.5 kcal/mol at the equilibrium geometry and decreases with increasing intermolecular distance. The differences between the KSCED͑m͒/PW91 and the basis set superposition error corrected energies are of the same order. The minimum of the KSCED energy is shifted tential energy curves of other studied complexes. The positions of the minima at the KSCED͑m͒/PW91 potential energy curves are in an excellent agreement with the ones derived from supermolecular KS energies corrected for the basis set superposition error for all studied complexes. The non-additive kinetic energy T s nadd ͓ 1 , 2 ͔ contributes significantly to the KSCED energies of studied complexes. It can be seen from Figure 3 that this contribution to the total energy amounts to 5-9 kcal/mol at geometries around the energy minimum. At smaller intermolecular distances T s nadd ͓ 1 , 2 ͔ increases rapidly resulting in a wall-like repulsive effect whereas it vanishes at larger intermolecular separations.
C. KSCED vs KS electron densities at several intermolecular distances
The KSCED energies depend on the accuracy of the approximate kinetic functional as well as on the accuracy of its functional derivative determining the KSCED electron densities. In this section, the KS and KSCED electron densities are compared in order to assess the accuracy of the ␦T s nadd ͓ 1 , 2 ͔/␦ 1 calculated based on approximate kinetic functionals. The KS and KSCED electron densities of each complex are compared at several geometries defined in the previous section. The similarities and differences between the densities are analyzed using two measures: the magnitude of the dipole moment (ϭ͉͉ϭ͉͐(r)rdr͉) and the Table VIII for the description of the geometry. The exchange energy is calculated using the B88 ͑Ref. 22͒ functional.
IV. CONCLUSIONS
In this work the accuracy of approximate kinetic energy functionals has been analyzed within the framework of the KSCED equations, using different hydrogen-bonded complexes as a test. The comparisons between the supermolecule KS and the KSCED results have confirmed our previous observations obtained for a model systems. 17 They can be summarized as follows:
All applied approximate gradient-dependent functionals derived from approximate exchange functionals following the route by Lee, Lee, and Parr 15 lead to the KSCED energies in qualitative agreement with the ones derived from the supermolecule KS calculations. The Thomas-Fermi functional applied in the KSCED formalism to approximate T s nadd ͓ 1 , 2 ͔ leads to significantly underestimated KSCED energies.
Among the gradient-dependent functionals, the kinetic energy functional T PW91 , the gradient-dependency of which is such as that of the exchange functional by Perdew and Wang in 1991, 13 leads to the best agreement ͑within 0.5 kcal/ mol͒ between KS and the KSCED energies at the equilibrium geometries. The position of the minima of the KSCED/ PW91 and supermolecule KS potential energy curves agrees reasonably well.
The analysis of the differences between the KS and KSCED electron densities shows that the approximate kinetic energy functionals used to derive ␦T s nadd ͓ 1 , 2 ͔/␦ 1 need further improvement. The differences between the KSCED and KS electron densities decrease with increasing intermolecular distance for all approximate kinetic energy functionals. The T PW91 kinetic energy functional leads to the smallest differences at large and intermediate intermolecular separations.
Localizing the electron density of the fragments ͑KSCED͑m͒͒ calculations which reduce significantly the computational costs of the KSCED calculations affect the KSCED͑m͒ energies of studied complexes not significantly. Compared to the KSCED͑s͒ energies the KSCED͑m͒ are higher by an amount not increasing 9% of the interaction energy ͑0.7 kcal/mol in the HCN•••HF case͒. The KSCED͑m͒ energies are in a very good agreement with the supermolecule KS ones corrected for the basis set superposition error. The KSCED͑m͒ variant can be considered as a method suited for studying weakly interacting molecular complexes.
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